The homeodomain (HD) protein Pit-1 cooperates with the basic-leucine zipper (b-ZIP) protein CCAAT/enhancer binding protein alpha (C/EBPα) to control pituitary-specific prolactin (PRL) gene transcription. We previously observed that C/EBPα was concentrated in regions of centromeric heterochromatin in pituitary GHFT1-5 cells and that co-expressed Pit-1 re-distributed C/EBPα to the subnuclear sites occupied by Pit-1. Here, we used fluorescence resonance energy transfer (FRET) microscopy to show when C/EBPα was recruited by Pit-1, the average distance separating the fluorophores labeling the proteins was less than 7 nm. A mutation in the Pit-1 homeodomain, or truncation of the C/EBPα transactivation domain disrupted the redistribution of C/EBPα by Pit-1.
INTRODUCTION
It is the combinatorial interactions between the pituitary-specific homeodomain (HD) protein Pit-1 and other gene regulatory proteins that controls the transcription of the prolactin (PRL) and growth hormone (GH) genes in anterior pituitary cells (1, 2) . The pituitary cell-selective programs of gene expression initiated by Pit-1 require the assembly of particular nuclear protein complexes that function to modify chromatin structure and recruit the general transcription apparatus to target genes. Previous observations showed that both Pit-1 and the CCAAT/Enhancer Binding Protein alpha (C/EBPα) bind to the promoters of the PRL and GH genes where they cooperate to control transcription (3, 4) . Recently, the use of the genetically encoded fluorescent proteins (FPs) as in vivo labels has begun to provide insight into how proteins are positioned within the nucleus of living cells (5) (6) (7) (8) . It is thought that the positioning of proteins at distinct subnuclear sites may function to foster the cooperative protein interactions necessary for the assembly of gene-specific protein complexes (9-17). Here, we use this approach to visualize the relative spatial positioning of C/EBPα and Pit-1 in the nucleus of single living pituitary cells.
the CR-1 (C/EBP ∆3-68), which was fully functional in activation of Pit-1-dependent PRL transcription ( Figure 1A ), had no effect on its redistribution by the co-expressed GFP-Pit-1 ( Figure 2A ). In striking contrast, the C/EBPα deletion mutant devoid of the CR-1, CR-2 and CR-3 domains (C/EBP ∆3-154)
was not recruited to the nuclear sites occupied by GFP-Pit-1 ( Figure 2B ). Instead, there was a marked 8 tendency for the GFP-Pit-1 to co-localize in the foci occupied by BFP-C/EBP ∆3-154 ( Figure 2B ).
Identical to our previous result (20), we observed by immunohistochemical staining that the endogenous Pit-1 in GHFT1-5 cells localized in a reticular pattern throughout the nucleus ( Figure 2C ). The endogenous protein was not concentrated in regions of centromeric heterochromatin stained by Hoechst 33342 (H33342). When GHFT1-5 cells expressing the GFP-C/EBP∆154 protein were stained for Pit-1, however, we observed that some of the endogenous protein was redistributed to the centromeric heterochromatin sites in ( Figure 2D ). Control experiments showed this was not because of overlap of green fluorescence into the red channel, and there was no nuclear staining observed for cells incubated with secondary antibody alone (data not shown). This result showed that the behavior of the transiently expressed GFP-Pit-1 protein accurately reflected that of the endogenous transcription factor. With our previous observations (20) the results indicated that Pit-1 and C/EBPα act cooperatively to induce PRL transcription, and these actions require both the Pit-1 HD and the amino-terminal activation domains of C/EBPα. These results also imply, but do not conclusively prove that Pit-1 and C/EBPα associate in the living cell nucleus.
To determine whether Pit-1 and C/EBPα were in close spatial association with one-another, we used the approach of FRET microscopy. FRET microscopy detects the result of the radiationless transfer of excitation energy from a donor fluorophore to a nearby acceptor that can occur only over a distance of less than about 7 nm (22-30). When there is FRET between two fluorophores, the donor signal is quenched and there is sensitized emission from the acceptor (see Figure 3A) . The detection of sensitized FRET emission above the spectral background signal that is contributed by both the donor and acceptor fluorophores, requires very accurate measurements (24, (28) (29) (30) . Importantly, because the donor emission is quenched, FRET can also be detected by measuring the increase in donor fluorescence (de-quenching) following photobleaching of the acceptor ( Figure 3B ). The de-quenching of donor emission following acceptor photobleaching provides a direct measure of the FRET efficiency (25-28).
In this study, we used the combination of BFP and yellow fluorescent protein (YFP) as donor and acceptor for FRET microscopy. There were three reasons for selecting these particular fluorescent probes. First, in spite of its low quantum yield and sensitivity to photobleaching, the BFP variant used here provides an adequate signal from the nucleus, where the autofluorescence background is low.
Because of the high autofluorescence outside the nucleus, this color variant would not be a good choice for studies of cytoplasmic protein interactions. Second, the overlap of the BFP emission and YFP excitation spectra is sufficient for energy transfer, but the spectral background for this pair is much reduced when compared to the CFP/YFP combination commonly used for these types of studies (25, 26). Third, the YFP variant is more sensitive to photobleaching than either GFP or the Discosoma sp. red fluorescent protein (25), making it a good choice for acceptor photobleaching FRET. The Förster distance for the BFP and YFP pair, the distance at which energy transfer is 50% efficient, is 3.8 nm (37), and falls to less than 5% efficiency at distance of 7 nm.
Selectivity of acceptor photobleaching
The ability to selectively photobleach the YFP fluorophore in the presence of the co-expressed BFP is essential for acceptor photobleaching FRET. To demonstrate this, we co-expressed nuclear localized, but non-interacting BFP-and YFP-tagged proteins in the same living cells. Fluorescence microscopy was used to identify individual pituitary GHFT1-5 cells co-expressing YFP fused to the co-repressor protein silencing mediator of retinoic acid and thyroid hormone receptors (YFP-SMRT), and BFP fused to the bZIP DNA-binding domain of C/EBPα (BFP-C/EBP∆244). The YFP-SMRT protein localized to discrete foci in the pituitary cell nuclei that were spatially separated from those formed by C/EBP∆244
( Figure 4A ).
The distinct intranuclear positioning of these two non-interacting proteins was used to characterize the selectivity of the acceptor photobleaching applied in the FRET experiments described below. Figure 4A shows the pre-bleach reference images of YFP-SMRT and BFP-C/EBP∆244 (Don1) in the nucleus of the same cell. Merger of the YFP-and BFP-images demonstrated that the fluorescence signals from the two differently labeled proteins were localized to multiple, non-overlapping foci ( Figure 4A , merge). The YFP-SMRT was then selectively bleached by exposure to 500 nm light for 5 minutes, resulting in a greater than 90% reduction in the YFP signal ( Figure 4B) . A second image of BFP-C/EBP∆244 (Don2) was then acquired in the same focal plane and under identical conditions as the first BFP image. Comparison of the BFP signals before and after the YFP photobleaching showed there was only a slight decrease in the BFP signal (see histogram, Figure 4B ). This result clearly demonstrated the selectivity of the acceptor photobleaching method.
The specificity of acceptor photobleaching FRET
We next evaluated the ability of acceptor photobleaching FRET microscopy to both detect FRET signals, and to discriminate the FRET signals from other background signals. We previously used acceptor photobleaching FRET to detect the dimer interactions of the isolated bZIP domain of C/EBPα (C/EBP∆244) in the nucleus of pituitary GHFT1-5 cells (26). When expressed in GHFT1-5 cells, we observed that, in contrast to full length C/EBPα, the truncated protein was almost exclusively localized to centromeric heterochromatin in the pituitary GHFT1-5 cells (see Figure 3 in ref. 20) . Because of this very restricted intranuclear positioning, we were able to distinguish FP-labeled C/EBP∆244 from the coexpressed, but non-centromeric localized hERα when they were expressed in the same cell. This allowed us to directly compare acceptor photobleaching FRET signals originating from sites containing both donor and acceptor to adjacent regions containing predominantly donor. Figure 4C shows the nucleus of a GHFT1-5 cell co-expressing YFP-C/EBP∆244, BFP-C/EBP∆244 and hERα-BFP. The C/EBP∆244 fusion proteins were localized to discrete foci, whereas hERα-BFP adopted a granular distribution throughout the nucleoplasm ( Figure 4C , Don1). The YFP labeling C/EBP∆244 was selectively photobleached and a second image of the BFP-C/EBP∆244 and hERα-BFP was then acquired at the same focal plane and under identical conditions to the first. The change in the BFP signal after YFP photobleaching was quantified at each pixel by digitally subtracting the pre-bleach BFP image from the post-bleach image ( Figure 4C , Don2 -Don1). The pixel-by-pixel changes in the de-quenched donor signal were then mapped in the intensity profile ( Figure 4C and BFP-C/EBP∆244 were co-localized. These regional changes in fluorescence intensity were also quantified by measuring the signal at ten identically sized regions of interest (ROI) within the foci or in the surrounding nucleoplasm in both the Don1 and Don2 images (Table 1 ). Prior to YFP photobleaching, the average donor signal within the foci was similar to the BFP signal in the nucleoplasm surrounding the foci (651 vs 378, Table) . The majority of the acceptor signal, however, originated from the foci (1,471 vs. 267, Table 1 ). After photobleaching of the acceptor, the average BFP signal in the foci was increased by 38 %. In contrast, there was a slight decrease in the average signal from hERα-BFP in the nucleoplasm (-0.8 %, Table 1 We previously demonstrated that a point mutation in the Pit-1 HD, which resulted in a protein with dominant inhibitory activity, disrupted the ability of Pit-1 to recruit C/EBPα. Instead, we observed that the mutant Pit-1 protein was partially localized to the heterochromatin foci occupied by C/EBPα (20). Here, we used the acceptor photobleaching FRET approach to examine the interaction of the mutant Pit-1 protein with C/EBPα at these subnuclear sites in pituitary GHFT1-5 cells ( Figure 5B ).
When YFP-C/EBPα and BFP-Pit-1 R271A were co-expressed, there was a tendency for the BFP-Pit-1
R271A
to localize to the intranuclear foci occupied by YFP-C/EBPα ( Figure 5B ). After acceptor photobleaching, we observed an increase in the BFP-Pit-1 R271A signal throughout the nucleus, with the most prominent change being localized to the foci ( Figure 5B , right). These localized changes in the BFP-Pit-1 R271A signal were quantified, and the results are shown in Table 1 . The YFP-C/EBPα was enriched 2-fold in the foci (Table 1 ; 2,784 vs 1,361), and BFP-Pit-1was enriched 1.5-fold (Table 1; 487 vs 330) in the foci relative to the nucleoplasm. The ratio of acceptor to donor was 5.7 and 4.1 in the foci and nucleoplasm, respectively. Although the ratio of acceptor to donor was similar in both regions, the BFP-Pit-1 R271A signal associated with YFP-C/EBPα in the foci was increased 24.6 %, compared to 8.8
% change in signal in the nucleoplasm (Table 1 ). These results indicate that BFP-Pit-1 R271A and YFP-C/EBPα were associated throughout the nucleus. However, the differences in donor de-quenching To demonstrate that these FRET signals were not due to the fluorophores being co-localized in the restricted volume of the nucleus, we next examined the co-expression of Pit-1 and a truncated C/EBPα protein defective in DNA binding. In a previous study, we showed that truncation of the Cterminal 40 amino acid residues that form the leucine zipper region of C/EBPα (C/EBP∆318) disrupts 14 DNA binding (19). When co-expressed with BFP-Pit-1, the YFP-C/EBP∆318 protein was incompletely localized to the nucleus, but there was substantial spatial overlap with the nuclear localized BFP-Pit-1 ( Figure 5D ). Importantly, the levels of donor and acceptor proteins achieved in the nucleus were comparable to that for the other protein pairs tested (Table 1 ). In stark contrast to the results obtained with C/EBPα and C/EBP∆154, however, the selective bleaching of YFP-C/EBP∆318 yielded only a 2% change in the BFP-Pit-1 signal ( Figure 5D , right and Table 1 ).
To confirm and extend these observations of single cells, we then analyzed multiple cells identified four conserved regions, CR1-4, in the transactivation domain of C/EBPα. We found that deletion of C/EBPα CR1 had no effect on its cooperative actions with Pit-1 at the PRL promoter, or on the ability of Pit-1 to recruit the truncated C/EBPα in living pituitary cells (Figure 1 ). This result is consistent with the earlier observation that a C/EBPα CR1 deletion retained full activity when assayed for its ability to induce differentiation in 3T3-L1 cells (31). In contrast, deletion of the CR2 and CR3
domains resulted in the loss of this differentiation function in 3T3-L1 cells (31). We observed here that a C/EBPα deletion removing CR1-3 (C/EBP∆3-154) was deficient in the transcriptional cooperativity with Pit-1. Significantly, the truncated C/EBP∆3-154, which bound DNA with appropriate specificity and localized to the centromeric heterochromatin, was not reorganized by the co-expressed Pit-1.
Instead, we observed a tendency for Pit-1 to become co-localized with the C/EBP ∆3-154 in the regions of heterochromatin (Figure 2 and Figure 5 ). We also observed that the endogenous Pit-1 protein in GHFT1-5 cells was redistributed to centromeric heterochromatin sites occupied by C/EBP ∆3-154.
These results were remarkably similar to our earlier observations with the dominant inhibitory Pit-1 
The intranuclear positioning of Pit-1 and C/EBPα
If this association required just the Pit-1 homeodomain and the C/EBPα CR2/CR3 domains, then we would expect that deletion of either of these domains should prevent the co-localization of the proteins.
The CR deletions, however, did not block the co-localization, but rather changed where these proteins were assembled in the nucleus. These results imply that protein domains specifying co-localization are 
Detecting protein interactions using acceptor photobleaching FRET microscopy
To determine whether Pit-1 and C/EBPα were in close spatial association, we took advantage of the spectral properties of the FP labels and applied FRET microscopy. When using intensity-based imaging, the detection of sensitized FRET emission upon donor excitation is limited by the spectral background 
The intimate association of Pit-1 and C/EBPα
Using the acceptor photobleaching FRET approach, we determined that when C/EBPα was recruited from the centromeric heterochromatin to the sites occupied by Pit-1, the two proteins were in close physical association. The de-quenching of the BFP-Pit-1 signal upon photobleaching of YFP labeling C/EBPα ( Figure 5 ) provided evidence that the fluorophores were spatially positioned on average less than 7 nm apart. This intimate association between Pit-1 and C/EBPα was not simply due to their colocalization in the restricted space within the nucleus. When co-expressed, Pit-1 and a leucine-zipper domain deletion of C/EBPα (∆318) also had substantial spatial overlap in the nucleus, with donor and acceptor protein levels comparable to that for the other protein pairs tested ( Figure 5 and Table 1 We also observed that the mutant variants of Pit-1 and C/EBPα proteins, which were still able to associate with their wild type partners, were also in close physical proximity ( Figure 5 and ref.
20). As
was shown previously (20), the mutant BFP-Pit-1 R271A had a marked propensity to localize at the sites of centromeric heterochromatin occupied by YFP-C/EBPα ( Figure 5B ). Similarly, there was also a tendency for both co-expressed and endogenous Pit-1 to co-localize to these sites with the expressed C/EBP∆3-154 (Figures 2 and 5) . In both cases, however, this distribution was incomplete and there was a significant concentration of the proteins co-localized in the nucleoplasm surrounding the subnuclear foci. Following acceptor photobleaching the BFP signal in both the foci and nucleoplasm were increased, but in both cases the change in signal associated with the foci was more robust. For both Pit- photobleaching FRET microscopy, however, is an end-point assay that requires that the higher-order protein complexes be relatively stable. The detection of the dynamic interactions of these higher-order protein complexes within the 3-dimensional volume of the living cell nucleus is difficult to achieve using these intensity-based imaging techniques. Future studies characterizing these dynamic interactions will require both high spatial and temporal resolution. These types of measurements can be achieved using the combination of fluorescence life-time imaging microscopy and FRET (29, 46). The application of these live cell-imaging techniques will be essential to establish how the subnuclear targeting of Pit-1 and its interacting partners contribute to the combinatorial code directing pituitaryspecific gene expression.
MATERIALS AND METHODS

Construction of expression vectors, transfection of cell lines and reporter gene assays
The construction of plasmids and maintenance of cell lines were described in the previous paper (20).
GHFT1-5, 3T3-L1 or HeLa cells were transfected with the indicated plasmid DNA(s) by electroporation as described previously (26). The total amount of DNA was kept constant using empty vector DNA.
Western blotting and electrophoretic mobility shift assay
The western blot analysis of the expressed proteins was described previously (20, 47). Electrophoretic mobility shift assays were performed on whole cell extracts prepared from transiently transfected 3T3-
L1 cells as described previously (47). A duplex oligonucleotide corresponding to a consensus C/EBP
binding site: 5'-GATCGAGCCCCATTGCGCAATCTATATTCG (Geneka Biotechnology, Inc., Montreal, Canada) was end-labeled using [γ -32 P] ATP and T4 polynucleotide kinase and used as probe.
Acceptor photobleaching FRET microscopy and image analysis.
Pituitary GHFT1-5 cells were transfected with the indicated expression plasmid DNA encoding the FPfusion proteins, and inoculated into culture dishes containing 25-mm coverglass, and then subjected to fluorescence microscopy as described previously (18-20, 22, 24, 26) . The fluorescence images were acquired using an Olympus inverted IX-70 equipped with a 60x aqueous-immersion objective lens. The filter combinations were 500/15 nm excitation, 525nm dichroic mirror, and 545/25 nm emission for YFP, and 365/15 nm excitation, 390 nm dichroic mirror, and 460/50 nm emission for BFP (Chroma Technology Corporation, Brattelboro, VT). Grayscale images with no saturated pixels were obtained using a cooled digital interline camera (Orca-200, Hamamatsu, Bridgewater, NJ). All images were collected at a similar gray-level intensity by controlling the excitation intensity using neutral density filtration, and by varying the on-camera integration time. The acceptor photobleaching method used For protein pairs distributed throughout nucleus (open bars), the average gray level intensity was determined for the entire nucleus in both the pre-and post-bleach donor images. The average E % (± S.E.M.) was then determined using the equation shown in the footnotes for Table 1 . For protein pairs that were distributed to both foci and nucleoplasm, the average donor gray level intensity was determined for 10 different ROI in each region that were identically positioned in both the pre-and postbleach donor images. All ROIs were of identical size. The E % for the foci (gray bars) or nucleoplasm (black bars) in each cell was determined and the average E % (± S.E.M.) for the indicated number of cells is plotted.
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